Abstract-We designed and fabricated a 10 kVA single-phase transformer with RE 1 Ba 2 Cu 3 O 7−δ (REBCO, RE:Rare Earth, Y, Gd, etc.) superconducting tapes. It had a 4-winding structure at the beginning. In this study, we removed the auxiliary windings and made a test as a general 2-winding transformer. Making repeated short circuit tests, we further investigated the response of the REBCO superconducting windings against a fault excess current. Although the short circuit current decayed satisfactorily, the whole of the REBCO superconducting windings did not shift to normal state even if the short circuit current exceeded the critical current all over the length of REBCO tapes. The induced normal resistance depended on the primary voltage. To study the phenomena, we derived the basic equations and made numerical simulations taking into account of flux-flow state, in which the equivalent resistance and generated heat are much smaller than those in normal state, and also the dependences of the critical current on temperature, applied magnetic field and the applied field angle to the tape face. It was clarified that short circuit current was limited not only by normal resistance but also by flux-flow one. The introduction of the concept of flux-flow state made it possible to quantitatively explain the behavior of the REBCO superconducting transformer at a sudden short circuit.
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I. INTRODUCTION

I
N JAPAN, we have been developing RE 1 Ba 2 Cu 3 O 7−δ (REBCO, RE:Rare Earth, Y, Gd etc.) superconducting transformers with a current limiting function [1] . The target is a 3φ-66 kV/6.9 kV-20 MVA one for a distribution power grid. However it seems to be difficult to realize it since the critical current, I c , of the REBCO superconducting tape in the windings of transformers varies along tape length in dependence on the applied magnetic field. It is in contrast to that in S/N transition type current limiters in which I c in the superconducting windings is almost uniform all over the windings since the superconducting tapes are wound non-inductively [2] . So we first designed and fabricated a 10 kVA single-phase transformer with REBCO tapes [3] . It had 4-winding structure. Making repeated sudden short circuit tests, we investigated the response of REBCO superconducting windings against the fault excess current. As a result, it was clarified that whole of the REBCO superconducting windings did not shift to normal state even though the short circuit current exceeded the critical current all over the length of REBCO tapes. The induced normal zone length depended on the primary voltage [3] .
In this study, we removed the auxiliary windings from the 10 kVA transformer and further investigated the response at a sudden short circuit as a usual 2-winding one. To explain the behavior of the REBCO superconducting windings at a sudden short circuit, we derived the basic equations and made numerical simulations. As compared with the observed results, we studied the current limiting function.
II. SUDDEN SHORT CIRCUIT TEST
OF 10 kVA TRANSFORMER The photograph and cross section of a 10 kVA transformer are shown in Fig. 1 . It was designed and fabricated as a 4-winding transformer, that is, it had auxiliary windings besides the main ones. The addition of the auxiliary windings made it possible to investigate the induced resistances in the respective main ones individually. In this study we removed the auxiliary windings and made tests as a general 2-winding transformer. The specifications are listed in Table I . Bath-cooling it in liquid nitrogen at 77 K, we made sudden short circuit tests. Fig. 2 shows the observed primary current at a sudden short circuit test in comparison to that of the 4-winding one, where the primary voltage was 325 V. The power supply was interrupted after 0.1 s after the sudden short circuit for safety protection. We can see that no significant difference was observed between 2-and 4-winding cases. It was also theoretically predicted. Therefore we pursued a discussion supposing that the response of the superconducting windings against the fault excess current at a sudden short circuit was independent of the inclusion of auxiliary windings. Fig. 3 shows the primary voltage, V 1 , dependences of the produced resistances in the primary and secondary main windings, R 1 and R 2 , at sudden short circuit tests. R 1 was larger than R 2 corresponding to the difference in critical current, I c [3] . R 1 and R 2 were both almost proportional to V 1 . Assuming the temperature of the windings was equal to the critical temperature of the GdBCO tapes, T c = 90 K, we evaluated the normal zone length produced in each winding. The estimated normal zone lengths in the primary and secondary windings and the ratios to the respective total tape lengths are also shown in Fig. 3 as the right-side vertical axes. The ratios were no more than 60 % and 10 % of the respective tape lengths at longest. We have to pay Fig. 3 . Primary voltage dependences of the produced resistances, normal zone lengths, and their ratios to the total tape lengths in the primary and secondary windings due to fault excess current at a sudden short circuit test. attention to the fact that whole of the windings did not shift to normal state even though both the current, I 1 and I 2 , exceeded I c all over the tape length.
III. BASIC EQUATIONS
We derived the basic equations so as to describe the response of the REBCO superconducting windings at a sudden short circuit. The basic equations consist of a circuit equation and a thermal equation. Here we took into account of flux-flow resistance. Flux-flow state appears when the transport current, I, exceeds I c but the temperature, T , is below the critical temperature, T c . We have already explained the current limiting behavior of NbTi superconducting transformer at a sudden short circuit successfully by using the concept of flux-flow resistance [4] , [5] .
A. Circuit Equation
The equivalent circuit of a single-phase transformer is shown in Fig. 4 . The secondary circuit is converted to the primary side. L corresponds to the leakage inductance between the primary and secondary windings. Z and R correspond to the load and resistive components in the windings. R contains a fluxflow resistance, R f , and a normal resistance, R n . The circuit equation is expressed as 
where ρ is a resistivity, λ is a volume fraction, is the zone length, the subscripts of SC, Sta and Sub mean the materials of a superconductor, a stabilizer including silver and copper, and a substrate or Hastelloy, the subscripts of f and n correspond to flux-flow state and normal state. B irr is the irreversibility field. Equation (1) only expresses the concept of the present model. So the coordinate of x, the length of flux-flow zone, f , and the length of normal zone, n , are the virtual variables. In actual windings, superconducting, flux-flow and normal zones distribute one after the other along length of the tape in dependence on the local magnetic field, B, and T .
B. Thermal Equation
Thermal equation is expressed as
where C is the specific heat per unit volume of a REBCO tape, S is the cross section of a REBCO tape. Here the thermal conduction along length of a REBCO tape was not taken into account because the usual normal zone propagation velocity at liquid nitrogen temperature is lower by three to four digits than the equivalent propagation velocity of the present fast quench due to excess current over I c . The cooling by liquid nitrogen was taken into account though the cooling term is not described in (6)-(8). However the consideration of cooling does not dominate the present phenomena, especially for the short duration less than 0.1 s because the REBCO tapes were insulated by a polyimide tape.
IV. NUMERICAL SIMULATION
In advance to the numerical simulation, we calculated the magnetic field distribution applied to each turn of the windings of the 10 kVA transformer using a software on the market. The results are shown in Fig. 5 . At the upper and lower ends of windings, the perpendicular component to the tape face was dominant. We also observed the dependences of I c of the GdBCO tapes on T, B and the applied magnetic field angle to the tape face, θ. For example, the I c − B characteristics of the GdBCO tape for the primary winding is shown in Fig. 6 with T and θ as a parameter.
Referring to the calculated magnetic field distribution and the observed I c (B, T, θ) characteristics of the GdBCO tapes, we numerically solved the basic equations by the method of finite differences. Fig. 7 shows the numerically calculated primary current waveform at a sudden short circuit in comparison to the observed one for V 1 = 325 V. Complete agreement between them suggested the validity of the numerical simulation.
Here let us discuss the partial transition to normal state of the primary winding at a short circuit current. Fig. 8(a) shows the variations of the lengths of the superconducting, flux-flow and normal zones in the primary winding. Each zone length was summed along tape length even if the zones were located at intervals. Fig. 8(b) show the variations of the magnitude of flux-flow resistance and normal resistance in the primary winding. The GdBCO tape was in flux-flow state all over the length by 0.058 s after the sudden short circuit except the short duration of I < I c . Fig. 8(c) shows the temperature variations at some points in the primary winding as indicated in Fig. 1(b) . Fig. 9 illustrates the transition process of the primary and secondary windings. Each point represents each turn in the cross section of the windings. White, blue and black points denote superconducting, flux-flow and normal state respectively. The temperature at each point increased gradually according to the locally generated heat. Correspondingly the total flux-flow Fig. 8 . Numerically calculated variations of (a) the ratios of the superconducting, flux-flow and normal zone lengths to the total tape length, (b) the total magnitude of the produced flux-flow and normal resistances, and (c) the temperature at the indicated points in Fig. 1(b) , in the primary winding after the sudden short circuit. V 1 = 325 V.
resistance grew up as shown in Fig. 8(b) and then the short circuit current decayed as shown in Fig. 7 . In flux-flow state, the smaller I c , the more temperature rise, as predicted from (7). So the upper and lower ends of the windings, in which the perpendicular magnetic field was the largest and also I c was the smallest, were the most rapid in temperature rise and first shifted to normal state at 0.058 s after the sudden short circuit. After that the other points also shifted to normal state in turn. However, after some parts of the windings shifted to normal state, the short circuit current decayed and then the heat generation also did so. Hence whole of the windings did not shift to normal state. 
V. CONCLUSION
We investigated the response of the 10 kVA REBCO superconducting transformer against a fault excess current at a sudden short circuit experimentally and theoretically. Whole of the superconducting windings did not shift to normal state though the short circuit current exceeded I c all over the tape length. The short circuit current decayed due to not only normal resistance but also flux-flow resistance and the induced resistance increased with primary voltage. The equivalent normal zone propagation velocity reached 700 m/s. The phenomena were quantitatively explained by the numerical simulation based on the derived basic equations. Using them, we have already designed and fabricated 400 kVA-6.9/2.3 kV transformers on trial and are testing them.
